Abstract The significant challenges involved in imaging the heart in small children (<15 kg) have been addressed by, and partially resolved with improvement in temporal and spatial resolution secondary to the advent of new multidetector CT technology. This has enabled both retrospective and prospective ECG-gated imaging in children even at high heart rates (over 100 bpm) without the need for beta blockers. Recent studies have highlighted that the radiation burden associated with cardiac CT can be reduced using prospective ECG-gating. Our experience shows that the resultant dose reduction can be optimised to a level equivalent to that of a non-gated study. This article reviews the different aspects of ECG-gating and the preferred technique for cardiac imaging in the young child (<15 kg). We summarize our evidenced based recommendations for readers, referencing recent articles and using our in house data, protocols and dose measurements discussing the various methods available for dose calculations and their inherent bias.
Introduction
Innovations in computed tomography (CT) technology with improved spatial and temporal resolution have extended the application of cardiovascular imaging to encompass paediatric patients with complex congenital heart disease (CHD). Multi-detector CT (MDCT) led the way enabling imaging of cardiovascular structures and coronary artery anomalies in children without the use of ECGsynchronisation [1] [2] [3] [4] . However, greater accuracy in coronary artery anatomical delineation was seen using retrospective ECG-gating, and was subsequently applied to CT imaging of neonates with CHD [5, 6] . However the increase in radiation burden associated with retrospective ECG-gating has been a limiting factor that has reduced uptake in paediatrics. Conversely the use of prospective ECG-gating with its much reduced radiation dose, has always been confined to adult patients with low heart rates [7] , with studies demonstrating no significant difference in image quality or coronary artery detection rate between prospective and retrospective ECG-gated imaging [8] [9] [10] [11] [12] .
With the advent of dual-source (DSCT) technology (Siemens Definition, Forchheim, Germany) it is now feasible to extend ECG-synchronised cardiac imaging (utilising both retrospective and prospective gating) to the paediatric population even for non-coronary applications [13] [14] [15] [16] , (Fig. 1) . Faster volume coverage together with higher temporal resolution (75-83 ms), mean that high heart rate are no longer a limiting factor for CT in children and adults [5, 17] using prospective gating-much reduced radiation dose with image quality maintained [18] [19] [20] (Fig. 2) .
Non-ECG-synchronised CT angiography
Spiral non-gated MDCT is a widely used imaging technique in the evaluation of thoracic and cardiovascular malformations in young children [4, 5, 19] . Its capability to acquire sub-millimetre isotropic data has minimised respiratory and motion artefacts with improved image resolution. The ability to view and manipulate reconstructed image data in different orthogonal planes has enhanced diagnostic accuracy [4, 21, 22] .
Even without ECG-gating, good visualisation of the proximal coronary artery has been reported in a study utilising 16-slice MDCT [3] ; however clarity of the coronary arteries was found to be age and heart rate dependent, Fig. 3 . Where greater definition is required for assessing coronary arteries in patients with complex CHD, Ben Saad et al. [5] and Goo [19] have devised a 'Combo' CT protocol. This includes a non-gated spiral examination of the entire thorax followed by a limited ECG-triggered DSCT focusing on the conotruncal region. For this second Fig. 1 Retrospective ECG-triggered study on a 2-month-old child with a heart rate of 130 bpm investigated for incomplete closure of VSD and duplication of the aortic arch, shown on coronal MIP (image a) and on the VRT images (b & c). The coronary arteries are clearly seen in the reformatted images d & e. CTDIvol=2.65 mGy, effective dose=2.7 mSv phase, Saad has adopted the retrospective gating methodology with Goo opting for prospective gating. The reported combined doses are 1.8 and 1.4 mSv respectively in children under 1 year of age.
As with all spiral acquisitions in CT, there is an inevitable increase in radiation dose due to the longitudinal over-ranging at both ends of coverage [14] . This problem has been addressed by manufacturer with incorporation of adaptive dose shields to block radiation during the 'run-up' and 'run-down' time necessary for spiral data acquisition (Siemens Healthcare, Forchheim, Germany).
Imaging technique
Unlike adult cardiac imaging, CT angiography coverage in paediatric CHD patients extends from the chest apices to the dome of the diaphragm dependent on clinical indications [19] , and often with extended infra-cardiac coverage in the assessment of anomalous pulmonary venous return or aorto-pulmonary collateral vessels (Fig. 4) . Adequate visualisation of the proximal coronary artery origin is also possible [3, 19] , with the left coronary artery better defined than the right coronary artery (Fig. 5) . When imaging younger children, a thin slice collimation should be used although this does increase image noise. This can be overcome by increasing the reconstructed slice thickness (but results in spatial resolution reduction) by using multi-planar reformats.
A pitch of 1 maintains the balance between good image quality and a reasonable dose level. Although a pitch greater than 1 reduces CT data acquisition time, it is not advocated due to degradation of longitudinal spatial resolution whilst increasing radiation dose for those systems that utilise effective mAs. However this method is adequate for gross pathology assessment in noncompliant patients [23] , (Fig. 6 ).
Retrospective ECG-gated spiral CT
Cardiac imaging with retrospective ECG-gating is widely used in adults, utilising both single source MDCT (SSCT) and more recently dual-source technology. To ensure good temporal resolution in SSCT, a low pitch (0.2) with multisegment reconstruction is required. The use of a low pitch slows the table advancement to less than the detector's width per tube rotation (overlapping slices), resulting in the same chest region being exposed multiple times, increasing radiation burden and prolonging total acquisition time. Together with the inability to apply ECG-gating at heart rates above 80 bpm, this limits this application of retrospective gating in children. In DSCT however, with single segment reconstruction and improved 83 ms temporal resolution (irrespective of heart rate), evaluation of rapidly moving cardiac structures without the need for beta-blockers is possible. Its usage is also contra-indicated in children as it may be insufficiently effective or even hazardous.
Radiation dose saving features of retrospective DSCT includes an adaptive pitch that increases with increasing heart rate, together with ECG controlled tube-current modulation. This has the potential for lower radiation dose with image quality maintained even at high heart rate [5, 23] , making this a reliable imaging modality for the evaluation of complex congenital abnormalities in children.
Imaging technique
In retrospective ECG-gated CT, data acquisition continues throughout the cardiac cycle with maximum tube current applied across the diastolic phase and a modulated tube current during the rest of the cardiac cycle. In children, the end systolic phase (where maximum tube current is applied) is preferred with HR above 80 bpm, [7, 14, 19, 20] this being less susceptible to motion artefacts, (Fig. 7) . Determining an optimal temporal window width where maximum tube current is applied is dependent on diagnostic information required and varies with different heart-rate-a narrow window for low heart rates and wider at high heart rates.
There are two levels of ECG-controlled tube current modulation available, whereby the tube output can be reduced to 25% or 4% (min-dose, Siemens Healthcare, Forchheim, Germany) outside the predefined temporal window [7, 8, 20] . The former (i.e. 25%) with partial loss of image quality is Volume rendered images of a CTA study on a non-sedated 1-month-old child, shows the importance of extended coverage required in suspected cases of congenital pulmonary airway malformation (CPAM)/Sequestration. The images demonstrate a systemic arterial supply (a) originating from the anterior aorta (located between the coeliac axis and SMA) with a large draining vein (b) connecting to the right inferior pulmonary vein. CTDIvol=0.61 mGy, effective dose=0.9 mSv still sufficient for functional analysis but a reduction to 4% may only be limited to imaging where gross overall anatomical evaluation is necessary [14] . Our experience is that the degree of dose reduction is heavily dependent on the applied CT parameters. Reduction to 4% cannot be achieved if exposure factors used are already at the lower limitations of the x-ray generator, so this will prevent further reduction in output. This is confirmed by phantom studies and acknowledged by the relevant manufacturer.
DSCT allows adaptation of table feed to heart rate, i.e. pitch increases with increasing heart rate from 0.2 to 0.5 at 100 bpm. At a higher pitch, CT data acquisition time is reduced with fewer requirements for overlapping slices. This results in a dramatic dose reduction [23] .
Prospective ECG-gated sequential CT Prospectively ECG-triggered sequential MDCT is a well recognised diagnostic tool for the evaluation of coronary artery disease in adults at low and stable heart-rates. It is also an efficient technique for dose reduction characterised by applying maximum tube current at a pre-defined phase in the R-R cycle, with complete cessation of radiation output during the remainder of the cardiac cycle as the imaging couch moves to the next position in the z direction.
DSCT enables the use of prospective ECG-gated sequential CT in children, even at high heart rates over 100 bpm, utilising the on-line ECG to trigger data acquisition at every 3rd heart beat, (Fig. 8) . The high temporal resolution has the ability to 'freeze' cardiac motion, whilst spatial resolution is maintained, (Fig. 9) .
Compared with retrospective gated imaging there are limitations associated with this adaptive sequential CT technique that include: i) Ventricular functional analysis cannot be obtained; ii) Possible difference in contrast enhancement between adjacent slice slabs, (Fig. 10) ; iii) Increased step artefacts when compared to retrospective gating due to movement in non-compliant patients, (Fig. 11) ; iv) Prolonged data acquisition time that may cause respiratory artefact if breath-hold cannot be maintained for that length of time [20] , (Fig. 12) .
It is advocated when performing cardiovascular CT on children with heart rate above 80 bpm, that data is acquired at end-systole using an absolute (ms) trigger delay as opposed to a relative (percentage) trigger delay [8, [18] [19] [20] to ensure maximum image quality. This will also help minimise stair-step artefact. This step artefact is not problematic when interpreting axial slices, only being more pronounced when displayed in the different orthogonal planes, as shown in Figs. 10 and 11 .
User-defined acquisition window on the DSCT enables either a 330 ms acquisition with extended imaging angle from 260°to 460°, which results in a ±8% phase shift enabling flexibility in choosing different cardiac phase reconstruction retrospectively [18] , i.e. in a neonate with a Fig. 6 6-year-old child underwent a non-gated study for the assessment of known chronic lung disease and pulmonary arterial hypertension. Due to extreme shortness of breath, a pitch of 1.5 was used to shorten the acquisition time. Image quality is adequate for gross pathology as demonstrated in image a, with good visualisation of the coronary arteries, images b & c. CTDIvol=2.54 mGy, effective dose=2 mSv 505 ms R-R cycle time. This equates to possible reconstruction window between 170 ms and 350 ms when the acquisition is set to end-systole. Or choosing the 'quick-step' acquisition window of 220 ms reduces acquisition time but without the flexibility for different phase reconstruction, thus selection of optimal acquisition phase is crucial.
The contrast layering effect often seen between adjacent acquisition slabs is due to the time delay required for table movement between slices, instead of acquiring data at every heart beat, in children with high heart-rate, data is acquired at every 2nd or 3rd heart beat, (Fig. 8) . To minimise this effect, the rate of contrast medium delivery should be adjusted to ensure a constant prolonged peak vascular enhancement throughout the CT data acquisition.
Intravenous contrast media
The concentration of contrast medium used and delivery methods vary between different authors. The amount of contrast medium prescribed was dependent on body weight, varying between 1 and 3 mls per kg with iodine concentration of between 300 and 400 mg I/ml and a flow-rate of between 0.5 and 1.5 ml per second. Intrave- Fig. 7 7. 1 Both proximal coronary arteries are clearly seen in the systolic phase of this retrospective ECG-triggered study in a 1-year-old child with a heart rate of 133 bpm. CTDIvol= 1.73, effective dose=1.6 mSv. 7.2 Good opacification of the coronary arteries are seen in the systolic phase (image a) of this retrospective ECG-triggered study on a 2-year-old child with heart rate of 107 bpm. On the diastolic phase (image b), the RCA is not seen. CTDIvol= 2.74 mGy, effective dose= 2.5 mSv Fig. 8 An ECG-trace with an acquisition triggered on every third cardiac cycle nous delivery of contrast medium using a bolus tracking method was used by Goo & Yang [19] and Tsai et al. [6] , whilst other paediatric centres prescribe a fixed delay before initiating CT data acquisition, to avoid additional radiation from the monitoring imaging. Ben Saad at al. [5] and Paul et al. [24] employed a 15 s delay in cases where there is peripheral access and 10 s delay for central venous access, whilst Cheng et al. [18] applied a fixed 25 s delay, and Jin et al. [19] used an estimated time of peak enhancement in the targeted vessel minus half the duration of the CT data acquisition. & coronal images (a, b) show degradation of image quality due to contrast layering effect in this prospective ECGtriggered study on a 6.5-year-old child (heart rate 59 bpm). However, the images are of diagnostic quality with good contrast enhancement seen in the coronary artery (image a) and in the MIP axial image (c). Dilatation of branch pulmonary artery (image b) with collateral vessels (image c) is seen as a consequence of pulmonary arterial hypertension. CTDIvol=2.81 mGy, effective dose=2.2 mSv Fig. 9 Prospective ECG-triggered study in a non-sedated, freebreathing 2-month-old child with Tetralogy of Fallot. At a high heart-rate of 137 bpm, no degradation in image quality was noted. CTDIvol=1.22, effective dose=0.82 mSv As diagnostic information is not required from the monitoring slices, the mAs can be reduced drastically (to 20 mAs), and increasing the time delay between each monitoring slice will keep dose to a minimum. Our experience shows the monitoring CT only incur an additional 1DLP (dose length product) to the overall dose.
Radiation dose
Radiation is a major inherent limitation for ECG-gated cardiac imaging. However, the benefits of this non-invasive diagnostic technique outweigh the potential radiation risks especially when comparing this to a diagnostic cardiac catheter angiography study that carries an additional procedural risk [7] . Dose saving measures are enhanced by employing patient specific weight-based protocols with adaptation of kVp and mAs: the main determinate of radiation dose received [1, 2, 5] . From the articles reviewed, the standard CT protocol of 80 kV was used throughout with the mAs adjusted to individual's weight.
Applying tube current modulation reduces radiation dose further by adjustment of the mA to patient diameter Fig. 11 Post-operative prospective ECG-triggered study following BT shunt procedure in a non-sedated 1 month old child, heart rate was 164 bpm. Image a shows step artefact distorting the course of the BT shunt due to patient movement. But the study was diagnostic demonstrating good filling of the pulmonary arteries from the BT shunt seen in the coronal images b & c and in the axial MIP image d. CTDIvol=1.33 mGy, effective dose=0.87 mSv and attenuation. When combined with ECG-controlled tube current modulation a dose reduction between 9% and 26% can be achieved [14] . However, Tsai et al. [2] believe dose modulation is ineffective in neonates due to the short CT data acquisition and heterogeneous composition of the bones and soft tissues of the neonatal chest. They also believe that the dose reduction generated by ECG-pulsing is inversely proportional to heart rate, and at 120 bpm the dose saving effect is almost zero.
With each new CT technological development attempts have been made to incorporate new dose saving features, e.g. the deployment of bow-tie filters in cardiac imaging that aggressively restrict radiation beyond the targeted cardiac field-of-view [23] , and recently the introduction of iterative reconstruction technique. Assessment of this technique by Potana et al. [25, 26] found significant image noise reduction without loss of diagnostic information on routine chest CT imaging in adults. On adopting a low-dose imaging technique (with 35% dose reduction), the iterative reconstructed image quality was found to be similar to a standard dose CT examination using filtered back projection reconstruction technique.
Radiation dose estimation
There are no clear standardised guidelines for the estimation of effective dose. This causes significant problems between comparative studies. Methods used include i) Commercially available software (CT EXPO, Stamm & Nagel, Hannover/Buchholz, Germany) where dose is estimated from actual CT parameters; ii) Using the recorded DLP multiplied by a region specific and age-based coefficient conversion factor, as described by Shrimpton [24] .
Of the articles reviewed, centres carrying out paediatric imaging have adopted the latter methodology [18, 27, 28] , whilst Goo & Yang [19] uses their own formulae, with Jin et al. [20] following Hollingswoth's recommendation [29] by applying coefficient conversion factor of 0.21.
Ben Saad et al. [5] and Paul et al. [27] have highlighted that the DLP recorded for all body CT examinations on the Siemens (Siemens Healthcare, Forchheim, Germany) system is calculated using a 32 cm phantom instead of a 16 cm phantom, which is more suited for calculation in children [30] . Consequently, this causes an under estimation of radiation dose by a factor of 2 in the neonates. Thomas et al. [28] also came to this conclusion in a study carried out on GE Lightspeed equipment (GE, Milwaukee, Wisconsin USA).
Comparison of radiation dose
An attempt was made to compare the effective dose between the different authors. It was made difficult due to differences in age groups and by incomplete data, with many different methodologies used to estimate the effective dose. A summary of this is set out in Table 1 . This includes our own data from Great Ormond Street Hospital NHS Trust (GOSH).
Radiation burden incurred in MDCT ECG-gated cardiac imaging ranges from 2.17 to 3.41 mSv, limiting its use to complex CHD and as a problem solving technique [2] . A retrospective ECG-gated study carried out on a 40-slice MDCT recorded a DLP of 91 mGy.cm (Tsai et al. [6] ), this is much higher than centres using a DSCT with reductions of 49/69/76% recorded by Jin et al. [20] , ourselves and Ben Saad et al. [5] respectively. Fig. 12 Respiratory artefacts are present in this prospective ECGgated study in a 13-year-old patient unable to breath-hold due to a prolonged (16 s) CT data acquisition. The artefacts were not so marked as to degrade images that depict the RCA in its entirety (image b). Heart rate was 69 bpm. CTDIvol=2.70 mGy, effective dose= 2.4 mSv There is a marked dose reduction of 73% (Jin et al. [20] ) and 64% (our data) when prospective gating is used compared with retrospective gating. The application of prospective gating on a second generation DSCT can achieve further dose reduction as documented by Paul et al. [27] with DLP of 5.7±7 mGy.cm and effective dose of only 0.26±0.6 mSv (i.e. equivalent annual background dose). This is 71/54/20% lower than those recorded by Cheng at al. [18] , Jin et al. [20] and at our Institution, respectively.
Future trends
CT technology is continuously evolving with increasing detector width enabling larger volume coverage, with faster CT data acquisition times, taking cardiac imaging to a new level with the introduction of helical prospective ECGtriggered acquisition at a high pitch.
Newer DSCT equipment allowing a pitch of 3.4 enables gapless volume data acquisition in one cardiac cycle [31] . A 75 ms temporal resolution is achieved by the use of single-cycle reconstruction. As this is a spiral acquisition, there is smooth transition between each image with no step artefacts demonstrated. The use of the high pitch avoids overlapping slices, thus reducing radiation dose, when compared with the standard sequential step and shoot mode. Radiation dose was found to be significantly lower in helical studies at 0.9±0.1 mSv, as opposed to 1.4 ± 0.4 mSv in the sequential mode [32] .
High pitch CT has also been trialled on early DCST equipment using dedicated software (commercially unavailable as yet) and demonstrated unimpaired image quality with respect to spatial and temporal resolution [33] .
A helical prospective ECG-triggered study by DeFrance et al. [34] , on a single-source 64-slice MDCT, with automatic adaptation of pitch according to the patient's resting heart rate also demonstrated good quality image when applied to patients with low regular HR (below 65 bpm) with a reported radiation dose of 6.9±1.9 mSv.
In summary (and from our own experience), prospectively gated cardiac CT is the preferred technique in young children, where often only morphological and proximal coronary artery detail is required. This negates the need for retrospectively gated imaging with its higher radiation burden. The sharp anatomical delineation between adjacent structures seen in prospective gating is superior to that seen in CTA studies, and with lower radiation dose levels. It is therefore potentially feasible to prospectively ECG-trigger all thoracic imaging to reduce motion artefact and improve overall image quality. 
